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The occurrence, distribution and innervation of guinea pig vallate papillae were investigated by means of indirect immunofluorescence and immunoperoxidase methods using antibodies against: a neuronspecific protein, protein gene product 9.5 (PGP 9.5); various neuropeptides including calcitonin gene-related peptide (CGRP), substance P (SP), vasoactive intestinal polypeptide (VIP) and galanin; a monoamine, serotonin (5-hydroxytryptamine; 5HT). Numerous PGP 9.5-immunoreactive nerve fibers were found to form plexuses in the lingual epithelium both intragemmally and extragemmally and to comprise dense bundles in the lamina propria just beneath the epithelium. Moderate numbers of PGP 9.5-immunoreactive cells were observed in the taste buds. These cells, typically spindle in shape, extended through the entire thickness of the taste bud. CGRP-immunoreactive nerve fibers were numerous in the subgemmal connective tissue and entered the epithelium to form intragemmal and extragemmal networks. A dense subgemmal SP-immunoreactive network in the vallate papilla can be linked to the presence of taste buds, even though SP-immunoreactive nerve fibers rarely occurred intragemmally.
No taste cells immunoreactive for CGRP and for SP were observed. Immunoreactivity for VIP or galanin was not detected in nerve fibers and taste cells. In contrast, some taste cells and a few, fine networks of nerve fibers in the connective tissue were immunoreactive for 5HT; none of the intraepithelial fibers were 5HT-immunoreactive. We suggest that: 1) functionally, 5HT-containing cells and the CGRP-containing nerve fibers may be primarily involved in the neural transmission or its modulation of the taste sensation;
and 2) VIP and galanin can be excluded from that group of substances which plays important roles in taste sensation.
Previous studies have indicated that lingual papillae are rich in peptide-containing nerve fibers, especially in those areas where taste buds can be expected (LUTS et al., 1990; MONTAVON and LINDSTRAND,1991) . In the mammalian tongue, this innervation has been found to be particularly dense in three different taste papillae: the circumvallate (LUNDBERG et al., 1979; NAGY et al., 1982; NISHIM0T0 et al., 1982; YAMASAKI et al., 1985; FINGER, 1986; LUTS et al., 1990) ; the fungiform (NAGY et al., 1982; NISHIMOTO et al., 1982; TERENGHI et al., 1986) ; and the foliate papillae (NISHIM0T0 et al., 1982) . Among the peptides examined in these studies, calcitonin gene-related peptide (CGRP) and substance P (SP) have been reported to be abundant in the verves supplying the oral mucosa and the tongue (LUTS et al., 1990; MOTAVON and LINDSTRAND, 1991) .
Ultrastructural and Immunohistochemical observations have indicated that taste buds receive more than one type of innervation (END0,1988; WELTON et al., 1992) . Although the function of these peptides in the papillae is still unclear, FINGER (1986) proposed that they may be involved in the modulation of taste transmission. ASTBACK et al. (1995) also showed a high density of CGRP-containing fibers in close connection with the taste buds of mammalian circumvallate, fungiform and foliate papillae, but they did not propose any specific function for those fibers. NISHIM0T0 et al. (1982) and FINGER (1986) demonstrated that SP-containing fibers located in the taste buds of rat and cat circumvallate papillae may play important roles in taste perception. YAMASAKI et al. (1984) showed in taste buds of rats that SP immunoreactive nerve fibers lose their Schwann cell sheath when they enter the epithelium, but they failed to demonstrate any synapses between the immunoreactive branches and the epithelial cells, or any immunoreactivity in the fibers supplying the taste receptor cells. In addition, BAECKER et al. (1983) and LUIS et al. (1990) indicated that taste buds in certain mammals receive a supply of vasoactive intestinal polypeptide (VIP) and galanin immunoreactive nerves aside from the afferent sensory fibers.
Previous investigators using histochemical and immunohistochemical methods have proposed candidates for neurotransmitters in various vertebrate taste buds (c.f. WELTON et al., 1992) , including catecholamines, serotonin (5-hydroxytryptamine; 5HT), amino acids and peptides (WELTON et al., 1992) . Met-enkephalin-8-like immunoreactivity has been localized in certain taste bud cells in some mammals including the guinea pig (YosIE et al., 1993) . 5HT has been proposed to be a neurotransmitter in taste sensory transmission (WELTON et al., 1992; KIM and ROPER, 1995) . Previous studies have demonstrated that basal cells of fish and amphibians (DELAY et al., 1993) or taste cells of rabbits and monkeys (FunMoTo et al., 1987) are 5HT immunoreactive.
In an attempt to consolidate and extend the findings of immunohistochemical results from previous studies, we decided to examine the vallate papillae of guinea pigs for the presence of peptide-containing nerve fibers and 5HT-containing taste cells. Moreover, in order to explore the overall pattern of nerve fiber distribution in the guinea pig vallate papilla, we also performed protein gene product 9.5 (PGP 9.5) immunohistochemistry.
Special attention was paid to the immunostaining of taste cells and associated nerve fibers.
MATERIALS AND METHODS

Animals
A total of 24 adult guinea pigs, Cavia porcellus (body weight 200-300 g) were used. All animals were housed in a temperature-controlled room (22 + VC) under artificial illumination (lights on from 05:00 h to 17 : 00 h) and at 55% relative humidity, with free access to food and water.
Tissue preparation
Each animal was deeply anesthetized by an intraperitoneal injection of sodium pentobarbital (30 mg/kg body weight) and then one of heparin (0.4-0.5 ml) before sacrifice by transcardial perfusion. The animal was first perf used through the heart with 150 ml of heparinized phosphate buffer (PB) via a peristaltic pump operated at 24-25 ml/min, followed by 300 ml of fixative containing 4% paraf ormaldehyde (for PGP 9.5, CGRP, SP, and 5HT immunostaining) or 2% paraf ormaldehyde and 0.1% glutaraldehyde (for VIP and galanin immunostaining) in 0.1 M PB at pH 7.4. Finally, lingual tissues containing the vallate papillae from both left and right sides were removed and immersed in freshly prepared fixative overnight at 4°C.
All specimens were cryoprotected by immersing tissues in 0.1 M PB containing 20% sucrose. Twenty or 30um thick cryostat sections were cut and screened for taste buds under a dissecting microscope. Sections of lingual tissue containing a high density of taste buds were selected for further processing.
Immunohistochemistry
Immunostaining was performed on free-floating cryostat sections with indirect immunofluorescence or immunoperoxidase visualization. Sections were incubated in 10% normal goat serum (NGS) for 2 h prior to incubation with primary antisera to reduce nonspecific staining. Sections were next incubated in the primary antibody diluted with phosphate-buffered saline (PBS) containing 0.5% Triton X-100 and used at the following dilutions : PGP 9.5, 1:1000 ; CGRP-BSA (bovine serum albumin), 1:1000 ; SP-BSA, 1: 1000; 5HT-BSA, 1:1000; galanin, 1:1000 ; VIP-KLH (keyhole impet hemocyanin), 1:1000, all for 48-72 h at 4°C. All antisera were purchased from the Serotec Company (U.K.), except PGP 9.5 (Biogenesis, U.K.). The tissues were subsequently washed in PBS and then incubated for an additional 1-2 h at room temperature with the secondary antiserum. For immunofluorescence microscopy, sections were incubated in fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:200; Cappel, Durham, NC, U.S. A.) and then mounted with crystal/mount (Biomedica, U.S.A.). For light microscopy, tissue sections were incubated in biotinylated goat anti-rabbit IgG (1: 100), then in ABC solutions (Vector Laboratories, U. S.A.) for 30-60 min, washed, treated with DAB/H202 (0.5 mg/ml, 3,3'-diaminobenzidine with 0.003% H2O2 in 0.5 M Tris buffer, pH 7.6) for 2-3 min, and mounted on a gelatin-coated slide with Permount (Fisher, U.S. A.). After staining, sections were viewed and photographed in a Zeiss Axiophot microscope equipped with an epifluorescence attachment.
In control experiments, the primary antibody was omitted or replaced with a nonimmune serum. In addition, tests with primary antiserum pre-adsorbed with the appropriate antigen (SP, VIP and 5-HT) were performed, except in the cases of PGP 9.5, CGRP and galanin which were not available as antigens in our laboratory.
The structures exhibiting positive immunostaining were regarded as being specific when there was no immunostaining after: 1) incubation with the primary antisera omitted; or 2) incubation with the antiserum pre-adsorbed with the appropriate antigen. To test the availability and specificity of the antisera, cryostat sections of intestine or spinal cord were processed as lingual tissue sections simultaneously.
RESULTS
The vallate papillae of the guinea pig were located on both sides of the posterior region of the tongue and resembled foliate papillae with three clefts. Taste buds were embedded in the lining epithelium of the trench wall and sited upon the underlying connective tissue through which nerves passed. A brief summary of the immunostaining in the guinea pig vallate papillae is presented in Table 1 . Each antiserum revealed faint to intense immunoreactivities of FITCimmunofluorescence or peroxidase-coloration in the taste bud cells or neural elements of vallate papillae. The immunohistochemical reactions after the control procedures, as far as they could be performed, were always negative, which consequently confirmed the specificities of each immunohistochemical finding. Moreover, we found that cryostat sections stained positively with FITC-conjugated antiserum were also positive with peroxidase-conjugated antiserum and that the immunostaining pattern in a section of a peroxidase-conjugated antiserum was essentially identical with that of the FITC-conjugated antiserum.
PGP 9.5 immunoreactivity Strongly and selectively immunoreactive nerve fibers to anti-PGP 9.5 were distributed within taste buds (intragemmally) and in their adjacent epitheliun (extragemmally) in the guinea pig vallate papillae. In the taste bud area, the conglomerated nerve fibers appeared more intensely immunoreactive than those in areas unrelated to taste buds (Figs. 1A, 2A) . Single immunoreactive taste cells within the bud were detected by the PGP 9.5 antiserum; however, no cells outside the taste bud in the lingual epithelium were immunoreactive.
Abundant nerve bundles entering the connective tissue core of the papillae and running up against the trench wall surface in a perpendicular direction were frequently observed. In the core of the connective tissue, thick bundles could readily be distinguished; the closer to the epithelium, the thinner these became (Figs. 1B, 2A ). In addition, numerous single, fine varicose nerve fibers were found to penetrate the lingual epithelium in regions unrelated to taste buds, and to course through the entire thickness of the epithelium (Fig. 2A) . The direction of these intraepithelial fibers was mainly perpendicular to the surface, but some also ran in random directions.
CGRP immunoreactivity
No CGRP-immunoreactive taste cells were seen in taste buds. In contrast, numerous fine nerve fibers exhibiting intense immunoreactivity for CGRP were distributed in the connective tissue below the taste (Fig. 1C) . In the connective tissue core of the papilla, the pattern of CGRPimmunoreactive nerve fibers innervating the taste buds closely resembled -though to a lesser extentthat of the immunostaining produced by anti-PGP 9.5 antiserum. These fibers were fine varicose axons penetrating the base and running within or in close association with the taste buds. Fine axons coursing through the entire thickness of the epithelium were frequently seen (Figs. 1C, 2B ). CGRP-containing fibers were also recognized among muscle fiber bundles as well as around von Ebner's glands and blood vessels.
Substance P (SP) immunoreactivity
In the taste bud, no signs of immunoreactivity for SP were seen in a single taste cell; only sparse nerve fibers, either intra-or extra-gemmal in position, exhibited the immunoreactivity.
The immunostaining pattern, however, was clearly evident in the underlying subgemmal connective tissue (Figs. 1D, 2C ). In the connective tissue, fine axons containing varicosities seemed to follow blood vessels and then branch away to approach the taste bud (Fig. 1D) . Occasionally, single small nerve fibers penetrating into the extragemmal lingual epithelium were observed adjacent to the location of the taste bud and running towards the top of the epithelium (Fig. 2C, inset ).
VIP and galanin immunoreactivity
No immunoreactivity for either of these peptides was detected in guinea pig vallate papillae.
Serotonin (5HT) immunoreactivity
Cells immunoreactive for 5HT were demonstrated in the taste buds of guinea pig vallate papillae; no immunoreactivity was detected in the epithelial cells. Most of the immunoreactive taste cells displayed weak to moderate immunostaining, though strongly immunostained taste cells were encountered occasionally (Figs. 1E, 2D ). 5HT-containing cells were fusiform and elongated, and their cytoplasm extended from the taste pore to the base of the taste bud (Fig. 1E) . Only inconspicuous fine networks of immunoreactive nerve fibers were found in the connective tissue below the taste bud; none were recognized intra-or extra-gemmally.
DISCUSSION
Methodological considerations
The sensitivity of an immunohistochemical method is best determined by the minimal amount of tissue antigen that can be detected. However, the absolute amount of antigen in tissue is unknown. It is also known that the higher the concentration of antigen, the greater the dilution of antiserum that can be used to detect it. Thus, a method that yields staining with a higher dilution of a primary antiserum for the detection of an antigen is more sensitive than that which requires lower dilution. There are few comparisons of immunohistochemical sensitivity among conjugates prepared by different procedures. PATRAMANIS et al. (1973) reported that one of the problems with the peroxidase conjugate was the weakness of the reaction intensity, often making evaluation of positive results difficult. The enzymatic reaction can be amplified by increasing the time for its development, but this increase is in both specific and background staining, and consequently does not afford increased sensitivity. In the present study, we found that antisera positive by immunofluorescence were also positive with peroxidase conjugate, but a larger number of nerve fibers and cells became stained with the FITC-conjugate, indicating a greater sensitivity and lower background staining of the immunofluorescence technique.
PGP 9.5
The sensory innervation of the tongue is particularly interesting because it plays a major role not only in taste perceptions of sweet, sour, salt, bitter or umami (ASTBACK et al., 1995; CHAUDHARI et al., 1996) , but also in information about the temperature and consistency of the food or drink. The PGP 9.5 immunoreactive nerve fibers supplying taste buds demonstrated in the present study would generally seem to represent the afferent innervation for those sensations. The underlying connective tissue also contained immunoreactive nerve bundles, single nerve fibers and an innervation of blood vessels. These results support the high utility of PGP 9.5 as a widely distributed marker of neurons (THOMPSON et al., 1983; WANG et al., 1990; IWANAGA et al., 1992) . Although the physiological significances of this protein in the cells remain to be ascertained, it is reasonable to assume that PGP 9.5-immunoreactive cells may correspond to the gustatory cells for chemoreception as it has been established that PGP 9.5 is shared by certain sensory paraneurons, including the gustatory cells in the rat (IWANAGA et al., 1992; KANAZAWA and YOSHIE,1996) . Further immuno-electron microscopic studies are required to prove this assumption and also to determine the structural and functional types of gustatory cells.
CGRP CGRP immunoreactive
nerve fibers have been described in rat (KINNMAN and ALDSKOGIUS, 1991) and human (ASTBACK et al., 1995) fungiform papillae, and in tongues and vallate taste buds of pigs (MONTAVON and LINDSTRAND, 1991) . The present study demonstrated that the vallate papillae in guinea pigs were richly supplied with CGRP-immunopositive nerve fibers. The pattern of this fiber network was closely similar to those of vallate papillae in pigs (MONTAVON and LINDSTRAND, 1991) .
In the present study, we found that both CGRP-and SP-immunopositive nerve fibers formed a subgemmal plexus in the guinea pig vallate papillae. The presence of such a subgemmal plexus agrees well with the emerging idea that the taste bud is not a mere receptor unit, but also a highly sophisticated informationprocessing and integration unit by which the receptor cells can communicate with each other (ROPER, 1989) . Subgemmal fibers could certainly be activated by partially processed signals at the level of the basal cells (c.f. ROPER, 1989) or modulate these signals by the antidromic release of neuropeptides at this level. Since the amount of CGRP immunoreactivity was considerably higher than that of SP, the inference would be that sensory axons containing CGRP may exert either a neurotrophic effect on taste buds or a regulatory role on the gustatory neurotransmission. Thus, although we confirmed the existence of the CGRP-immunoreactive fibers in the vallate papillae, the question remains whether they belong to afferent nerves or independent efferent elements in the taste function.
Substance P (SP) NISHIM0T0 et al. (1982) reported that SP-immunoreactive fibers in the taste bud and extragemmal epithelium were supplied by the glossopharyngeal nerve, that unilateral neurectomy of the peripheral branch of this nerve caused a significant decrease of SP-immunoreactive fibers, and that bilateral neurectomy resulted in a complete disappearance of SP-immunoreactive fibers in the rat circumvallate papilla. SP-immunoreactive fibers innervating vallate taste buds have also been demonstrated in the cat (LUNDBERG et al., 1979) and rat (YAMASAKI et al., 1984) . However, YOSHIE et al. (1989) were unable to demonstrate the presence of SP-immunoreactive fibers in the taste buds of the guinea pig vallate papillae. In contrast to the findings by YOSHIE et al. (1989) , we were able to demonstrate the presence of SP in the taste buds, though at a low amount; SP immunoreactivity was in further shown in the connective tissue of the guinea pig vallate papillae. This discrepancy may be attributed to the variations in the animal strain, technical limitations and differences in the antisera used.
In an immuno-electron microscopic study, YAMASAKI et al. (1984) reported that the nerve endings making synaptic contact with rat gustatory cells were not labeled by SP. They suspected that SP released from the terminals may be involved in the maintenance of the taste buds as a trophic factor, but direct evidence in support of this hypothesis is lacking. VIP and galanin BAECKER et al. (1983) demonstrated VIP immunoreactivity in the nerve fibers innervating the guinea pig tongue; most of the immunoreactive nerve fibers were located in blood vessels and not in vallate taste buds. WELTON et al. (1992) reported on an intense VIP-like immunoreactivity in fine varicose nerve fibers that penetrated taste buds in the newt, Necturus maculosus. Recently, ASTBACK et al. (1995) observed VIP-immunoreactive nerve fibers near blood vessels in human fungiform papillae and considered VIP as a temperature regulator. In the present study, we were unable to demonstrate any VIP-immunoreactive nerve fibers present in vallate papillae, even near blood vessels; we thus are of the opinion that VIP might not contribute to the innervation of vallate taste buds, at least in the guinea pig.
Concerning galanin, WELTON et al. (1992) were unable to demonstrate its immunoreactivity in mudpuppy taste buds, though this peptide was recognized to a small extent in human fungiform papillae (ASTBACK et al., 1995) . As the present study could not detect nerves immunoreactive for VIP and galanin in guinea pig taste buds, we elect to rule out these peptidergic innervations in the consideration of taste sensation, although possibilities of species variations and technical limitations, such as the sensitivity of the immunostaining and quantity of the peptides in taste buds, can not be excluded.
Serotonin (5HT)
By formaldehyde-induced histofluorescence and immunocytochemistry, numerous investigators identifi-ed 5HT in mammalian taste buds and in frog taste discs (GoosENS and VANDERBERGHE, 1974; FUJIMOTO et al., 1987; KIM and ROPER, 1995) . Recently, 5HT-like immunoreactivity has been found in taste cells of the rat, mouse and rabbit after administration of the 5HT precursor, 5-hydroxytryptophan (5HTP) (KIM and ROPER, 1995) . In the present study, we clearly demonstrated 5HT immunoreactive cells in guinea pig vallate taste buds without a previous injection of 5HTP. This result indicated that guinea-pig vallate taste cells contained enough endogenous 5HT so as to be readily detectable by the present immunohistochemical method. Species variations and methodological improvement may also contribute to this problem.
In mammalian species, 5HT was found in perpendicularly elongated taste cells (FuJIMoTo et al., 1987; KIM and ROPER, 1995) but not in basal cells as in amphibians and teleosteans (GooSENS and VANDER-BERGHE,1974; DELAY et al., 1993) . DELAY et al. (1993) and KIM and ROPER (1995) suggested that these two cell types, i.e., elongated taste cells and basal cells, both containing 5HT, may be related in nature, whereas REUTTER and WITT (1993) wrote in their review that 5HT containing basal cells in amphibian and teleostean taste buds may function as mechanoreceptors and be related to Merkel cells. DELAY et al. (1993) suggested that basal cells in amphibian (Necturus) taste buds may either modulate taste receptor cell functions or regulate cell turnover within the taste bud by releasing 5HT. KIM and ROPER (1995) speculated that 5HT acts as a neuromodulator of receptor cell excitability in the vertebrate taste bud. They proposed that serotoninergic taste cells may not be primary taste receptor cells and, instead, this type of cell may modulate chemical transmission in the taste bud secondary to the initial stimulation of receptor cells.
Recently, KANAZAWA and YOSHIE (1996) demonstrated by electron microscopy that PGP 9.5 immunoreactivity was localized in the type III or gustatory cell. Based on the present findings that 1) the amount of PGP 9.5 immunoreactivity was considerably higher than that of 5HT, 2) the PGP 9.5 immunoreactive cells outnumbered the 5HT immunoreactive cells, and 3) 5HT immunoreactive cells outnumbered the PGP 9.5 immunonegative cells, it is reasonable to suggest that some of 5HT immunoreactive cells would be also PGP 9.5 immunoreactive in guinea pig vallate taste buds. This identity of the 5HT containing taste cells is also supported by our immunocytochemical observations at the electron microscopic level that type III cells were PGP 9.5-immunoreactive and some type III cells were .
Although the precise nature of 5HT in guinea pig vallate taste buds remains to be established by further study, it seems reasonable for us to propose that 5HT may function as a neurotransmitter or neuromodulator.
In conclusion, we demonstrated in nerve fibers and/ or taste cells of guinea pig vallate papillae the overall innervation pattern of the taste bud by PGP 9.5 and confirmed the presence of CGRP, SP and 5HT, but not VIP or galanin. These histochemical results should prove useful for evaluating notions concerning the functional aspects of taste perception and transmission.
